The regenerative failure of mammalian optic axons is partly mediated by Socs3-dependent inhibition of Jak/Stat signaling (Smith et al., 2009(Smith et al., , 2011. Whether Jak/Stat signaling is part of the normal regenerative response observed in animals that exhibit an intrinsic capacity for optic nerve regeneration, such as zebrafish, remains unknown. Nor is it known whether the repression of regenerative inhibitors, such as Socs3, contributes to the robust regenerative response of zebrafish to optic nerve damage. Here we report that Jak/Stat signaling stimulates optic nerve regeneration in zebrafish. We found that IL-6 family cytokines, acting via Gp130-coupled receptors, stimulate Jak/Stat3 signaling in retinal ganglion cells after optic nerve injury. Among these cytokines, we found that CNTF, IL-11, and Clcf1/Crlf1a can stimulate optic axon regrowth. Surprisingly, optic nerve injury stimulated the expression of Socs3 and Sfpq (splicing factor, proline/ glutamine rich) that attenuate optic nerve regeneration. These proteins were induced in a Jak/Stat-dependent manner, stimulated each other's expression and suppressed the expression of regeneration-associated genes. In vivo, the injury-dependent induction of Socs3 and Sfpq inhibits optic nerve regeneration but does not block it. We identified a robust induction of multiple cytokine genes in zebrafish retinal ganglion cells that may contribute to their ability to overcome these inhibitory factors. These studies not only identified mechanisms underlying optic nerve regeneration in fish but also suggest new molecular targets for enhancing optic nerve regeneration in mammals.
Introduction
The optic nerve is an accessible portion of the CNS that has served as a convenient system for studying CNS regeneration. Both positive and negative factors affect optic nerve regeneration in mammals (Fischer and Leibinger, 2012) . Notable among these factors is cytokines, such as CNTF and LIF, which appear to enhance retinal ganglion cell (RGC) survival and axonal regeneration via activation of a Jak/Stat signaling cascade (Leibinger et al., 2009; Pernet et al., 2013b) . Indeed, RGCs with constitutively active Stat3 exhibit robust axonal regeneration (Pernet et al., 2013a) . Furthermore, SOCS3 inhibits Jak/Stat signaling, and its deletion enhances axonal regeneration (Smith et al., 2009 ). Thus, proteins, such as SOCS3, may contribute to regenerative failure in mammals. Interestingly, PTEN and KLF4 are also endogenous inhibitors of RGC axonal regeneration (Moore et al., 2009; Sun et al., 2011) . Like that reported for KLF4 (Moore et al., 2009) , the increased expression/activity of these inhibitors during development may contribute to the transition of RGCs from a growthpermissive state to one that is growth restrictive (Moore et al., 2009) . Based on this idea, we wondered whether animals that retain a robust regenerative capacity into adulthood had reduced expression of regenerative inhibitors after nerve injury.
One animal that retains a robust regenerative response into adulthood is zebrafish. These fish can regenerate a damaged optic nerve that results in restoration of lost sight (Bernhardt, 1999; McDowell et al., 2004) . This regenerative response is driven by the activation of positive effectors of axonal growth, including purpurin, Klf6, Klf7, Tuba1a, Igf1, pAkt, transglutaminase, and nitric oxide signaling (Matsukawa et al., 2004; Veldman et al., 2007 Veldman et al., , 2010 . Although Jak/Stat signaling has been shown to stimulate optic nerve regeneration in mammals, there are no reports of it contributing to optic nerve regeneration in an animal, such as zebrafish, that naturally regenerate a damaged optic nerve. Based on studies in mammals (Smith et al., 2009; Pernet et al., 2013a Pernet et al., , 2013b , we suspected that Jak/Stat signaling would stimulate optic nerve regeneration in zebrafish and that endogenous inhibitors of optic nerve regeneration would be repressed after nerve injury.
Here we report the surprising finding that zebrafish respond to optic nerve lesion by inducing the expression of Sfpq and Socs3a, two proteins that attenuate optic nerve regeneration. We found that these proteins are regulated by a Jak/Stat signaling cascade and that their knockdown enhances optic nerve regeneration. Our data suggest that fish overcome the actions of Sfpq and Socs3a by inducing a variety of IL-6-like cytokines in RGCs that act in an autocrine/paracrine fashion to stimulate Jak/Stat signaling. The identification of ligands, signaling cascades, and feedback inhibitory mechanisms operating on Jak/Stat signaling during zebrafish optic nerve regeneration shows a remarkable similarity to mechanisms controlling optic nerve regeneration in mammals. Importantly, our data suggest that, even when factors that decelerate axonal regrowth are highly induced, regeneration and restoration of visual function can ensue.
Materials and Methods
Animals and optic nerve lesion. Zebrafish were kept at 26°C-28°C on a 14/10 h light/dark cycle. Fish of either sex were used in all experiments. All surgeries were performed on fish anesthetized in 0.02% tricaine methane sulfonate. Optic nerve surgeries and retinal explants were performed as previously described (Veldman et al., 2007) . Briefly, fish were placed under a dissecting microscope for visualization, and the right optic nerve was exposed by gently pulling the eye out of the orbit and cutting the dorsal connective tissue. The optic nerve was cut using an iridectomy scissor, using care not to cut the ophthalmic artery. The eye was gently replaced in the orbit, and fish were placed in their home tank to recover. The left optic nerve remained intact and served as a control, except when bilateral optic nerve lesion was performed for analyzing restoration of visual function using an optokinetic response or phantom predator. In this case, sham-treated fish were used as controls.
Mice were anesthetized with isoflurane, and the right eye was visualized under a dissecting microscope. The conjunctiva around the globe was cut with scissors and retracted to expose the globe. The globe was rotated nasally to expose the optic nerve. The nerve was crushed with a forceps for 10 s taking special care not to interfere with the blood supply. The left eye served as an uninjured control.
Morpholino (MO) treatments. MO-mediated gene knockdown in adult RGCs after optic nerve lesion was as previously described (Becker et al., 2004; Veldman et al., 2007) . Briefly, 1 l of a 1 mM MO (Gene Tools) solution was applied to a small piece of Gelfoam (Pharmacia) and placed at the cut site on the lesioned optic nerve. The following day, the fish was anesthetized and the Gelfoam removed. The following MOs were used: sfpq-MO1, 5Ј-ATCGGTCACGAGACATTATCACACA-3Ј; sfpq-MO2, 5Ј-CCATGCCACCGCGCATCCCCATTCC-3Ј (Lowery et al., 2007) ; socs3a-ATG MO, 5Ј-TATCCAACTTGCTGTGGGTTATCAT-3Ј (Veldman et al., 2007) ; socs3a-Sp MO, 5Ј-AAAAGAGCCTGGAAAAAA-GAGAAAG-3Ј; socs3b-MO, 5Ј-TGTCAAGCCTACTATGCGTTAC CAT-3Ј (Veldman et al., 2007) ; gp130-MO, 5Ј-ACAGCCAATGATGT-GAAGTGTCCAT-3Ј; clcf1-MO, 5Ј-CCTGACCAACTTTCCAGGGA-CACAT-3Ј; and crlf1a-MO, 5Ј-CAATAAGCAGATCATCTTACGAG GA-3Ј. The standard control MO from Gene Tools was used as a control for nonspecific effects. To verify the efficacy of the sfpq-, clcf1-, and crlf1a-targeting MOs, pTAL-gfp-reporter plasmids were created, which harbor the MO target sequence appended to the 5Ј end of the gfp transcript. The plasmid (30 ng/ml) was injected into single-cell zebrafish embryos with lissamine tagged control MO or experimental MO (0.2 mM), or untagged MOs that were mixed with 3000 MW rhodamine dextran (Invitrogen) to help identify injected embryos. At 24 h after fertilization, embryos were assayed for GFP and rhodamine fluorescence. We also used TUNEL assay and BrdU incorporation to investigate whether MOs stimulated RGC death or proliferation, respectively, in the adult retina. This analysis showed that MOs had no effect on RGC death or proliferation.
Retinal explant assay. Retinal explants were performed as described previously (Landreth and Agranoff, 1979; Veldman et al., 2007) . Briefly, 0 or 4 d after the initial nerve transection, fish were dark adapted, killed by an overdose of tricaine, and retinas isolated. Retinas were cut into 0.5 mm squares with a razor blade and then digested with hyaluronidase (1 mg/ml) in L15 media (Invitrogen) for 15 min at room temperature. Explants were then rinsed 3 times with culture media and plated: one retina per 35 mm plate precoated with poly-Llysine (100 g/ml) and laminin (10 g/ml). Explants were maintained at 28°C for 4 d in 0.5 ml of L15, 8% FCS, 3% zebrafish embryo extract, and 1ϫ antibiotic/antimycotic in a humidified ambient air incubator. Adherent explants were quantified for neurite length and density as previously described (Veldman et al., 2007) with the following modifications: Axon density and length were measured using ImageJ software. Average density and lengths were calculated for each condition. In this study, 15-20 explants were generated from each retina and quantified. Only axons that could be clearly distinguished and traced for its full length were quantified (never Ͻ10/explant). Experiments were repeated 3 times using retinas from three different fish for each condition. Inhibitors and recombinant proteins. Jak inhibitors, P6 and JSI-124, were dissolved in DMSO. P6 (also known as Pyridone 6, EMD Chemicals) was used at 1 and 10 M, and JSI-124 (also known as Cucurbitacin I, Indofine Chemical) was used at 10 nM and 1 M. Control for inhibitors was DMSO (0.1% final). Recombinant rat CNTF and mouse IL-11 (R&D Systems) were reconstituted in PBS with 0.1% BSA/PBS and used at 50 pg/ml; 0.1% BSA/PBS was used as a control. Inhibitors or recombinant proteins were added to culture media when explants were plated.
RNA isolation, PCR, and in situ hybridization. Total RNA was isolated from retinas using TRIzol (Invitrogen). Random primers and Superscript II reverse transcriptase (Invitrogen) were used to generate cDNA. qPCR was performed in triplicate (each time point or condition was determined on a single retina and averaged using 3 retinas from 3 different fish) with Absolute SYBR Green Fluorescein Master Mix (Thermo Scientific) on an iCycler real-time PCR detection system (Bio-Rad). The ⌬⌬Ct method was used to determine relative expression of mRNAs in control and injured retinas and normalized to gapdh mRNA levels for fish and ␥-Actin mRNA levels for mouse. Primers used in this study are listed in Table 1 .
In situ hybridizations were performed with antisense digoxigenin (DIG)-labeled RNA probes as described previously (Barthel and Raymond, 2000) . The sfpq cDNA was kindly provided by Hazel Sive (Lowery et al., 2007) . The gp130, clcf1, crlf1a, cntfr , and il11-ra cDNAs were cloned by PCR into pCS2 and BSSK vectors. Antisense full-length probes were created from linearized plasmids using T3, T7, and Sp6 RNA polymerases (Promega). Sense control probes were also generated and showed no signal above background.
BrdU labeling, retina fixation, cryosectioning, and immunostaining. BrdU labeling was accomplished by injecting 20 l of BrdU (20 mM) intraperitoneally 3 h before death. Fish were overdosed with tricaine methane sulfonate. Eyes were isolated, the lens removed, and fixed in fresh 4% PFA or overnight at 4°C. After fixation, tissues were cryoprotected in phosphate-buffered 20% sucrose overnight and then embedded in Tissue-Tek OCT compound (Sakura Finetek). Embedded samples were stored frozen at Ϫ80°C until sectioned to 12 m on a CM3050S cryostat (Leica). Sections were collected on Superfrost /Plus slides (Fisher Scientific), dried, and stored at Ϫ80°C. Immunofluorescence protocols were previously described (Ramachandran et al., 2011) . p-Stat3 immunofluorescence was performed using mouse antibody generated against a zebrafish phospho(Tyr708)-Stat3 protein (MBL) at 1:100 dilution. For BrdU and p-Stat3 immunostaining, we used an epitope retrieval protocol by placing slides in 100°C 10 mM citrate buffer, pH 6, for 40 min. Secondary antibody was conjugated to AlexaFluor-488 and used at a 1:500 dilution.
TUNEL asssy. We used an in situ Cell Death Detection Kit fluorescein (Roche Applied Science) to detect apoptotic cells in control, Sfpq-, Socs3a-, and Gp130 MO-treated retinas. Twenty-four hours after optic nerve lesion and morpholino application, fish were killed with an overdose of tricaine and eyes collected, fixed, and cryosectioned as described above. TUNEL assay was performed following the manufacturer's protocol. Oubain-treated eyes served as a positive control.
RGC back-labeling. RGC back-labeling for assaying optic axon regeneration was performed as previously described (Munderloh et al., 2009) . Briefly, optic nerves were cut, and 7 d later regenerating nerves were lesioned ϳ3 mm distal to the original cut site. Gelfoam impregnated with 1 l (1 mg/ml) of Rhodamine dextran (MW 3000, Invitrogen) or Fluorescein dextran (MW 10,000, Invitrogen) was applied to the newly lesioned regenerating nerve. Fish were dark-adapted overnight, killed in tricaine, and retinas isolated. Retinas were then fixed in 4% PFA at 4°C, washed 3ϫ with ice-cold PBS, placed on a superfrost/Plus slides (Fisher Scientific), and laid flat by making four slits with a scissors that were evenly spaced around the retinas' circumference. Whole-mount retinas were mounted in DABCO (1,4-diazabicyclo[2.2.2]octane) and visualized under a fluorescent microscope. Three fish were used for each condition per experiment, and the total number of fluorescent RGCs in each retinal quadrant was quantified. No significant differences were noted between retinal quadrants. Data are reported for the total retina.
Anterograde labeling of optic axons. Fish were anesthetized in tricaine, and an incision was made near the cornea-sclera junction through which a small piece of Gelfoam, soaked in 1 l (1 mg/ml) of Rhodamine dextran, was placed behind the lens. Six hours later, fish were killed by an overdose of tricaine, and the brain and eyes were carefully dissected, making sure the eyes with attached optic nerve, chiasm, and brain were all intact and connected. Tissue was fixed in 4% PFA and observed under a Leica MZ dissecting fluorescence microscope. Optic axon regeneration into the brain was assayed by quantifying the distance the fluorescent optic nerve extended beyond the optic chiasm using ImageJ software.
Optokinetic response. Adult zebrafish were acclimated to the apparatus before behavior assays were performed. Lightly anesthetized fish was immobilized by gently clamping the fish between two pieces of sponge that was stabilized by two halves of a plastic pipe. The restrained fish was immersed in fish water in a custom-made Petri dish with a holder to keep restrained fish in place. The Petri dish was placed inside a custom-made circular drum, with vertical stripes (black and white, 8 mm wide) covering the inside of the drum wall. A light source was placed above the apparatus during video recording. Each fish was recorded for 2 min without drum rotation, followed by 2 min with drum rotation. Drum rotations were at 4 rpm and alternated between clockwise and counterclockwise rotations every 4 s. Movies were captured to a computer and replayed for quantification of spontaneous eye movements without rotating visual stimulus and eye movements tracking the rotating stripes. Background eye movements were subtracted from those obtained after a visual stimulus. A minimum of four fish were used for each experiment.
Phantom predator, escape response. Zebrafish initiate an escape response when threatened by a potential predator. This innate behavior can be used to assess visual performance (Li and Dowling, 1997) . The apparatus used consisted of an immobilized Petri dish (10 cm diameter) surrounded by a rotating drum (11.5 ϫ 6.5 cm) covered with white paper. A black segment (6 ϫ 6 cm) was marked on the paper as a threatening object. A post (3 cm diameter) that was placed in the center of the container prevented the fish from swimming directly from one side of the container to the other. The drum was illuminated from above with a white light source and rotated at 8 rpm for 2 min. A video camera mounted above the tank was used to record fish behavior before (2 min) and during (2 min) drum rotation. The video was captured to a computer and replayed for analysis. A minimum of four fish were used per condition for each experiment.
Statistical analyses. ANOVA with Fisher's PLSD post hoc analysis was used for multiple parameter comparison; two-tailed Student's t test was used for single parameter comparison (see Figs. 2C, D, G, H, 4D, and 7F ) .
Results

Injury-dependent Sfpq induction attenuates optic axon regeneration
A microarray-based transcriptome analysis of gene expression during zebrafish optic nerve regeneration identified a number of candidate genes whose expression increased in RGCs and may encode proteins that regulate optic nerve regeneration in zebrafish (Veldman et al., 2007) . qPCR was used to analyze the temporal induction of some of the most highly induced genes and identified sfpq as a transcript that was induced within 1 h post injury (hpi) (Fig. 1A) . Sfpq is a multifunctional protein that is associated with RNA splicing, DNA synthesis, gene expression, DNA repair, and cell survival (Shav-Tal and Zipori, 2002). The rapid induction of sfpq mRNA was before the initiation of axonal growth that is noted ϳ2 dpi (Bernhardt, 1989; Bernhardt et al., 1996; Becker et al., 2000; McCurley and Callard, 2010) and suggests it may participate in reprogramming RGCs to a growthpermissive state. Therefore, we decided to characterize its expression and function in more detail.
We used in situ hybridization assays to examine the spatial expression of sfpq in the uninjured and optic nerve-lesioned retina. sfpq RNA was undetectable in the uninjured retina and specifically induced in RGCs after optic nerve lesion (Fig. 1B) . We wondered whether the rapid injury-dependent induction of sfpq gene expression may simply reflect a response to optic nerve injury and not necessarily be related to optic nerve regeneration. Therefore, we used qPCR to investigate whether this gene was induced in the mouse retina, where injured optic nerves do not regenerate. Although we detected basal expression of Sfpq mRNA, we found no evidence for injury-dependent induction of Sfpq gene expression in mice (Fig. 1C) .
To investigate whether Sfpq expression had a consequence on optic axon regeneration, we knocked down its expression in RGCs using morpholino-modified antisense oligonucleotides (MOs) applied to the lesioned optic nerve stump as previously described (Veldman et al., 2007 (Veldman et al., , 2010 . One of the sfpq-targeting MOs was previously validated in zebrafish (Lowery et al., 2007) ; we tested the efficacy of the other using a chimeric sfpq-gfp transgene expressed in zebrafish embryos coinjected with either a control or sfpq-targeting MO (Fig. 1D ). This analysis showed that almost all of the control MO-injected embryos expressed GFP (72 of 75), whereas none of the sfpq-targeting MO-injected embryos expressed GFP (0 of 80). Delivery of MOs to adult RGCs did not stimulate cell death (TUNEL assay) or proliferation (BrdU incorporation); however, after explanting retinas to tissue culture dishes, we noted that the sfpq-targeting MO increased the density and length of axons growing from them ( Fig. 1 E, F ) . Similar results were obtained with a second sfpq-targeting MO, suggesting the effect on axon regrowth is specific to Sfpq knockdown. These data suggested that Sfpq may attenuate optic axon regeneration.
We were surprised to find an attenuator of axonal regeneration induced in zebrafish RGCs after optic nerve injury and worried that this effect was specific to retinal explants grown in tissue culture. Therefore, we investigated whether Sfpq also attenuated optic axon regeneration in vivo. For these experiments, we took advantage of tuba1a:gfp transgenic fish that specifically express GFP in RGCs that are regrowing their damaged axons (Goldman and Ding, 2000; Goldman et al., 2001; Senut et al., 2004; Veldman et al., 2010) . We lesioned the optic nerve of tuba1a:gfp fish, just behind the orbit, and applied either a control or sfpq-targeting MO to the optic nerve stump ( Fig. 2A) . Seven days later, the optic nerve was relesioned ϳ3 mm distal to its original cut site and RGCs whose axons had regenerated this distance were identified by applying rhodamine-dextran-impregnated Gelfoam to the newly lesioned optic nerve stump ( Fig. 2A) . Whole-mount retinas were examined under a fluorescent microscope to visualize and quantify the number of GFP ϩ and rhodamine ϩ RGCs (Fig.  2B) . Sfpq knockdown increased the number of RGCs with detectable GFP (Fig. 2 B, C) . Because induction of the tuba1a:gfp transgene is highly correlated with regenerating axons (Goldman and (Fig. 2 B, D) , which suggested an increased rate of growth for regenerating axons.
The retinal explant and back-labeling experiments described above only measured regeneration over relatively short distances. To investigate whether the consequences of Sfpq knockdown persisted and affected optic axon regeneration into the brain, we used an anterograde labeling protocol (Fig. 2E ). For these experiments, optic nerves were bilaterally lesioned with one optic nerve stump receiving a control MO and the other optic nerve stump receiving a sfpq-targeting MO. At 12 and 29 dpi, rhodamine dextran-saturated Gelfoam was inserted behind the lens into the vitreous, and 6 h later fish were killed, and eyes, with attached optic nerve and brain, were dissected and visualized under a fluorescent microscope (Fig. 2F ) . At 12 dpi, optic axons from Sfpq MO-treated RGCs, but not control MO-treated RGCs, were readily observed past the optic chiasm and heading to the tectum (Fig. 2F ) . By 29 dpi, we were unable to discern a significant difference in growth of optic axons from control and Sfpq MOtreated RGCs (Fig. 2F ) . The extent of regeneration in controls is consistent with previously published data using anterograde HRP tracing methods (Kaneda et al., 2008) . Quantification revealed that, at 12 dpi, axons extended more than twofold further beyond the optic chiasm than control MO-treated RGC axons (Fig. 2G) . This difference in growth just beyond the optic chiasm was no longer detectable by 29 dpi (Fig. 2 F, H ) . These data suggest that Sfpq inhibits optic axon regeneration in vivo.
Sfpq knockdown enhances visual recovery and regeneration-associated gene expression after optic nerve lesion
The above data suggested that Sfpq knockdown enhanced optic nerve regeneration by increasing the number of RGCs activating regeneration-associated genes, like the tuba1a:gfp transgene, and also stimulated axonal growth as indicated by RGC back-labeling and anterograde labeling protocols (Fig. 2) . We were curious whether this enhanced regeneration resulted in a more rapid restoration of vision. To investigate visual recovery, we monitored the optokinetic response of a restrained fish as it tracked alternating black and white stripes on a rotating wall (Fig. 3A) . In addition, we monitored the escape response of a free swimming fish when presented with a phantom predator (large black bar on a rotating wall) (Fig. 3C) . For these experiments, we compared sham operated animals with those whose optic nerves were bilaterally lesioned and treated with either control or sfpq-targeting MO. At 1 dpi, fish were essentially blind because no axons have regrown to tectal targets; therefore, little optokinetic response was detected (Fig. 3B) . However, within 5 dpi, we were able to detect a remarkable enhancement of visual recovery after Sfpq knockdown (Fig. 3B) . A similar analysis was done quantifying the escape response to a phantom predator, which also indicated that Sfpq knockdown enhanced visual recovery after optic nerve lesion (Fig. 3D) . Thus, the enhanced axonal regeneration noted after Sfpq knockdown is reflected by a more rapid recovery of vision.
The increased expression of the tuba1a:gfp transgene and the enhanced regrowth of optic axons after Sfpq knockdown and optic nerve injury suggested that Sfpq may suppress gene expression programs that regulate axonal regrowth in adult RGCs. To investigate this possibility, we lesioned the optic nerve and applied either a control or sfpq-targeting MO to the optic nerve stump overnight. At 3 dpi, RNA was purified from retinas and the expression of regeneration-associated genes (Goldman et al., 2001; Senut et al., 2004; Veldman et al., 2007 Veldman et al., , 2010 Saul et al., 2010) was assayed by qPCR. This analysis showed increased expression of regeneration-associated genes after Sfpq knockdown (Fig. 3E) . Control RNAs, such as tuba1c and gapdh, are not regulated by optic nerve injury and remained unaffected by Sfpq knockdown. The promiscuous induction of regenerationassociated genes after Sfpq knockdown suggested that it may im- pinge on one or more signaling cascades that play a major role in reprogramming RGCs to a growth-permissive state after optic nerve injury.
Socs3a knockdown enhances optic nerve regeneration and recovery of vision
Our finding that Sfpq attenuates optic nerve regeneration in zebrafish was reminiscent of previous reports indicating that SOCS3 inhibits RGC axon regrowth after optic nerve injury in mammals (Park et al., 2009; Smith et al., 2009 ). There are two socs3 genes in zebrafish, socs3a and socs3b, both of which are induced after optic nerve injury (Veldman et al., 2007) . We previously reported that knockdown of these genes had little effect on RGC axonal regeneration in retinal explants (Veldman et al., 2007) . The different outcomes of Socs3 knockdown in zebrafish and mammals were surprising and prompted us to reinvestigate Socs3 knockdown in zebrafish. We realized that our earlier analysis of Socs3 knockdown was designed to detect growth inhibition and not growth enhancement because the control axon lengths were in the top bin for axon growth (Veldman et al., 2007 (Veldman et al., , 2010 . Therefore, we repeated these studies and quantified axon lengths without binning. This analysis revealed that in vivo knockdown of Socs3a enhanced RGC axonal regeneration in retinal explants, whereas knockdown of Socs3b had little effect (Fig.  4 A, B) . Socs3 MOs did not stimulate RGC death (TUNEL assay) or proliferation (BrdU incorporation).
Encouraged by the above result, we next investigated the consequence of Socs3a knockdown on optic nerve regeneration in vivo using the back-labeling protocol illustrated in Figure 2A , except that fluorescein dextran was used to back-label cells instead of rhodamine dextran. Whole-mount retinas were examined under a fluorescent microscope to visualize and quantify the number of back-labeled fluorescein ϩ RGCs. Similar to Sfpq knockdown (Fig. 2 B, D) , and consistent with our retinal explant studies (Fig. 4 A, B) , we found that MO-mediated Socs3a knockdown increased the number of fluorescein ϩ RGCs (Fig. 4C,D) , suggesting that Soc3a knockdown stimulates optic nerve regeneration in zebrafish. TUNEL and BrdU labeling indicated no effect of Socs3 MOs on RGC death or proliferation.
We used the fish's optokinetic and escape response to investigate whether this enhanced optic nerve regeneration after Socs3a knockdown correlated with recovery of vision. These studies were performed as previously described for Sfpq knockdown (Fig. 3 A, C) . At 1 dpi, when fish are blind, we observed essentially no response to the stimulus; however, at later times, we found that the optokinetic and escape responses returned much faster in fish with Socs3a knockdown (Fig. 4 E, F ). The observation that two different previously validated socs3a-targeting MOs have similar effects on axon regrowth and visual recovery suggests these effects are specific. Together, our data indicate that Socs3a and Sfpq inhibit optic nerve regeneration and that this inhibition has a consequence on the rate of vision recovery.
Knockdown of Socs3a or Sfpq impacts the other's expression
Because our studies suggested that both Sfpq and Socs3a attenuate optic nerve regeneration, we wondered whether they acted in a common pathway. Consistent with this idea, qPCR suggested that socs3a gene expression was rapidly induced after optic nerve injury (Fig. 5A ) and this induction was similar to that of sfpq (Figs. 1A and 5B). To investigate whether Socs3a and Sfpq exhibited a hierarchical relationship, we lesioned the optic nerve and applied either a socs3a-or sfpq-targeting MO to the optic nerve stump and assayed sfpq and socs3a injury-dependent induction, respectively, at 3 dpi. Interestingly, Sfpq knockdown partially suppressed injury-dependent socs3a mRNA induction (Fig. 5C ), whereas Socs3a knockdown more severely inhibited injurydependent sfpq mRNA induction (Fig. 5D) . Although the mechanism underlying this Sfpq/Socs3a crosstalk remains unknown, we found that, like Sfpq (Fig. 3E) , Socs3a also suppressed the expression of regeneration-associated genes (Fig. 5E ). These studies indicate that Socs3a and Sfpq are immediate early genes, coordinately induced by optic nerve injury and capable of regulating each other's expression. Whether this regulation is direct or indirect remains to be determined. Nonetheless, their rapid induction and ability to inhibit gene expression programs driving optic nerve regeneration likely account for their effect on optic nerve regeneration. signaling activity (Babon and Nicola, 2012) . Therefore, we investigated whether this signaling pathway was activated after optic nerve injury. We used an anti-phospho-Stat3 (p-Stat3) antibody that detects zebrafish Stat3 phosphorylated on Tyr 708 (Tyr 705 in mammals) to report Jak/Stat signaling (Yamashita et al., 2002) . Immunofluorescence on retinal sections from control and optic nerve-lesioned fish indicated that p-Stat3 is first detectable in RGCs ϳ3 dpi (Fig. 6A) . We suspect that Stat3 activation may occur at earlier times (in part, because socs3a is induced within 1 hpi; Fig. 5 A, B) , but p-Stat3 levels may be below the limits of detection. Furthermore, because Socs3a is an inhibitor of Jak/Stat signaling, we suspected that injury-dependent induction of Socs3a may be contributing to the delayed detection of p-Stat3. To test this idea, we used socs3a-targeting MOs to knock down Socs3a protein expression after optic nerve lesion and assayed p-Stat3 at 3 dpi. Indeed, Socs3a knockdown dramatically enhanced p-Stat3 expression (Fig. 6A) . Although we detected low levels of p-Stat3 in the nucleus where it can act on gene expression, p-Stat3 was most readily detected in the cytoplasm of RGCs after optic nerve lesion, perhaps suggesting roles for this protein beyond transcriptional regulation.
Jak/Stat signaling is necessary for optic nerve regeneration
The above studies suggested that optic nerve lesion stimulated Jak/Stat signaling in RGCs but did not reveal whether injurydependent induction of Jak/Stat signaling was necessary for optic axon regeneration. Therefore, we investigated whether the Jak inhibitors, JSI-124 and P6, affected RGC axon outgrowth in retinal explants. JSI-124 preferentially inhibits Jak2/Stat3 signaling, whereas P6 is a more general Jak inhibitor (Blaskovich et al., 2003; Pedranzini et al., 2006) . Consistent with the idea that Jak/Stat signaling is necessary for optic axon regeneration, JSI-124 and P6 inhibited RGC axon outgrowth from retinal explants (Fig. 6 B, C) .
Because sfpq and socs3a gene expression are among the first genes induced after optic nerve injury, we were curious whether they were regulated in a Jak/Statdependent manner. We reasoned that the expression of these genes may be a more sensitive readout of Jak/Stat signaling than p-Stat3 expression. Therefore, we intravitreally injected eyes with either JSI-124 or P6 just before optic nerve lesion and 24 h later assayed sfpq and socs3a gene expression. This analysis showed that Jak/ Stat signaling was active within 1 dpi and that it stimulated the expression of injuryresponsive genes (Fig. 6D) . Together, these data suggest an important role for Jak/Stat signaling in stimulating optic nerve regeneration and also activating gene expression programs that attenuate this regeneration.
Gp130-coupled receptors are necessary for enhanced Jak/Stat signaling during optic nerve regeneration
The above studies suggested that injurydependent activation of Jak/Stat signaling was a key element underlying optic nerve regeneration in zebrafish. We suspected that Gp130-coupled receptors may mediate injury-dependent Jak/Stat activation because IL-6-like cytokines, like CNTF, that act through Gp130-coupled receptors and can stimulate RGC axon regrowth in mammals (Leaver et al., 2006; Pernet et al., 2013b) . Therefore, we investigated whether we could detect gp130 gene expression in RGCs during optic nerve regeneration. qPCR and in situ hybridization assays showed that gp130 mRNA was very low in uninjured RGCs and rapidly induced after optic nerve injury (Fig. 7 A, B) .
We next investigated whether signaling via Gp130 was necessary for optic axon regeneration. For these studies, we assayed axon growth and density in retinal explants whose optic nerves were treated in vivo with a control or a gp130-targeting MO. Gp130 knockdown suppressed the total number of regenerating axons and reduced their length in a concentration-dependent manner (Fig. 7C,D) . To confirm that signaling via Gp130-coupled receptors regulated optic nerve regeneration in vivo, we investigated the effect Gp130 knockdown would have on optic nerve regeneration using our back-labeling protocol described earlier ( Fig. 2A) . This analysis showed that Gp130 knockdown dramatically reduced the number of back-labeled RGCs (Fig.  7 E, F ) and suggests that Gp130 knockdown inhibits optic nerve regeneration.
Gp130-coupled receptors link extracellular cytokines to Jak/ Stat signaling and gene activation. To determine whether Gp130 participates in Stat3 activation after optic nerve injury, we assayed p-Stat3 immunofluorescence in retinas from control and Gp130 MO-treated optic nerves. We observed a dramatic reduction in p-Stat3 expression after Gp130 knockdown (Fig. 7G) . Furthermore, this Gp130-dependent regulation of Stat3 activity suppressed the expression of regeneration-associated genes (Fig.  7H ) . Therefore, Gp130-coupled cytokine receptors appear to be largely responsible for activating Jak/Stat3 signaling in RGCs after optic nerve injury, and this activation is necessary for the activation of gene expression programs driving optic nerve regeneration.
Cytokines acting via Gp130-coupled receptors regulate optic axon regeneration
The IL-6 family of cytokines signal through Gp130-coupled receptors (Hirano et al., 2000) and the IL-6 family member CNTF has been shown to stimulate RGC axon regrowth in mammals Pernet et al., 2013b) . Therefore, we suspected that IL-6 family members would contribute to optic nerve regeneration in zebrafish. Although a cntf gene has not been identified in zebrafish, we found that a variety of IL-6-like family member genes were induced in RGCs shortly after optic nerve lesion (Fig.  8 A, B) . These included genes encoding the alternative Cntf receptor composite ligand, Clcf1/Crlf1a (Elson et al., 2000) , as well as those encoding M17 (Lif) and IL-11a. Furthermore, genes encoding the receptors for these ligands (cntfr, lifrb, and il-11ra) were also induced after optic nerve injury (Fig. 8 A, B) . The injurydependent induction of IL-6 family members and their receptors in RGCs suggests an autocrine/paracrine mechanism of action.
To test whether IL-6 family members could stimulate optic axon regeneration, we treated retinal explants with recombinant mammalian IL-11 or CNTF. Explants were prepared either with or without a preconditioning optic nerve injury. Retinal explants prepared without a preconditioning optic nerve injury normally exhibit a meager regenerative response (Fig. 8C,D) (Landreth and Agranoff, 1979) . However, regardless of how explants were prepared, treatment with IL-11 alone or in combination with CNTF stimulated axonal regrowth (Fig. 8C,D) . Even preconditioned explants, which normally exhibit robust optic axon outgrowth, extended more and longer axons after treatment with IL-11 alone or IL-11 and CNTF in combination (Fig. 8C,D) . Interestingly, CNTF had a more robust effect on axonal growth from explants prepared without a preconditioning nerve lesion than it did on explants with a preconditioned nerve injury (Fig. 8D) . We also found that IL-11 and CNTF had an additive effect on axon density, but not axon length. Although the reason for this is not known, it may reflect the genes upon which they act.
Although zebrafish do not appear to harbor a Cntf encoding gene, we were intrigued by the observation that CNTF could stimulate optic axon regeneration in retinal explants and that the zebrafish cntfr gene is induced in RGCs after optic nerve injury. These data suggested to us that the alternative Cntfr composite ligand, Clcf1/Crlf1a, may contribute to optic axon regeneration in fish. Indeed, clcf1 and crlf1a gene expression is highly induced in RGCs after optic nerve injury (Fig. 8 A, B) . To test whether Clcf1/Crlf1a regulated optic axon regeneration, we applied control, clcf1-, or crlf1a-targeting MOs to lesioned optic nerves in vivo and assayed optic axon regrowth in retinal explants. We confirmed the efficacy of these MOs using a chimeric clcf1-gfp or crlf1a-gfp transgene expressed in zebrafish embryos coinjected with either control or experimental MO (Fig. 8E ). This analysis showed that almost all of the control MO-injected embryos expressed GFP (65 of 67 for Crlf1a MO and 79 of 81 for Clcf1 MO), whereas none of the experimental MO-injected embryos expressed GFP (0 of 63 for Crlf1a MO and 0 of 90 for Clcf1 MO). We also tested whether MOs affected RGC survival or proliferation in adult retinas using TUNEL assay and BrdU immunofluorescence. No cell death or proliferation was detected in control Clcf1 or Crlf1a knockdown retinas. Consistent with the idea that the composite Cntf receptor ligand Clcf1/Crlf1a contributes to optic nerve regeneration in zebrafish, we found that knockdown of either Clcf1 or Crlf1a suppressed optic axon regrowth in retinal explants (Fig. 8F ) . Notable is the preferential effect Clcf1/Crlf1a knockdown had on axon density (Fig. 8F ) , which was also reflected in CNTF-treated explants (Fig. 8D) . Because both these ligands act via the Cntf receptor, its activation may be regulating the number of responding RGCs by increasing their reprogramming to a growth-permissive state. Together, the above studies show that optic nerve injury stimulates the expression of IL-6 family cytokines and receptors in RGCs and identify IL-6 family members that are sufficient to stimulate optic axon regeneration , crlf1a, il-11a, cntfr, and il-11ra in uninjured retina and at 4 dpi (arrows point to positive signal in GCL and arrowheads point to positive signal in INL). Scale bar, 50 m. C, Retinal explants were prepared from fish with (4 dpi) and without (0 dpi) a preconditioning optic nerve lesion. Recombinant IL-11 and/or CNTF were added as soon as retinas were placed in culture. Scale bar, 500 m. D, Quantification of axon density and length for explants shown in C. *p Ͻ 0.05, compared with control. **p Ͻ 0.01, compared with control. n ϭ 4. Error bars indicate SD. E, A chimeric sCMV:crlf1a-gfp transgene or a chimeric sCMV:clcf1-gfp transgene was injected into single-cell zebrafish embryos with a lissamine-labeled (red) control or experimental MO, and transgene GFP expression assayed by fluorescence microscopy 24 h later. Shown are representative embyros. Arrowheads point to GFP expression (for quantification, see Results). Asterisk indicates autofluorescence in yolk. F, Quantification of axon density and length for explants whose lesioned optic nerve was treated with control, Crlf1a, or Clcf1 MOs in vivo. *p Ͻ 0.05, compared with control. **p Ͻ 0.01, compared with control. ***p Ͻ 0.001, compared with control. n ϭ 4. Error bars indicate SD. ONL, Outer nuclear layer; INL, inner nuclear layer; GCL ganglion cell layer. in retinal explants. These studies suggest that IL-6 family members act in an autocrine/paracrine fashion to stimulate optic nerve regeneration in vivo.
Discussion
The studies reported here identify a Jak/Stat signaling cascade that regulates optic nerve regeneration in zebrafish (Fig. 9) . We show that retinal injury stimulates the activation of this signaling cascade by inducing RGC expression of IL-6 family cytokines, such as IL-11 and Clcf1/Crlf1a, which act via Gp130-coupled receptors. This signaling cascade stimulates optic nerve regeneration by inducing expression of regeneration-associated genes, such as klf6, klf7, and tuba1a. However, it also activates the expression of genes encoding Sfpq and Socs3a that attenuate optic nerve regeneration. Thus, unlike mammals where basal Socs3 expression is sufficient to inhibit optic nerve regeneration, zebrafish activate an inhibitory pathway during optic nerve regeneration and still retain a robust regenerative response. Jak/Stat signaling appears to be a major determinant of optic nerve regeneration in fish, and its lack of activation in mammals contributes to regenerative failure. Although this pathway and optic nerve regeneration can be activated in mammals with CNTF or constitutively active Stat3, the noted increase in regeneration is still incomplete and misguided (Leaver et al., 2006; Leibinger et al., 2013; Pernet et al., 2013a Pernet et al., , 2013b . It is interesting that, during zebrafish optic nerve regeneration, a variety of IL-6 family cytokines are induced in RGCs, and it is tempting to speculate that this variety imparts not only robust Jak/Stat signaling but also unique characteristics on RGCs so a more robust and accurate regenerative response ensues. Thus, by activating multiple receptors, one might couple cytokine signaling to additional signal transduction cascades and/or recruit a variety of Stat proteins that target different gene expression programs. Importantly, IL-11 and Clcf1/Crlf1a cytokines, which are highly induced in fish RGCs and stimulate optic nerve regeneration, have never been tested in mammals. Their action alone or in combination with other cytokines may further enhance mammalian optic nerve regeneration.
The activation of gene expression programs underlying optic nerve regeneration appears to be mediated by Jak/Stat signaling in zebrafish RGCs. We previously reported that injurydependent induction of klf6, klf7, and tuba1a gene expression is necessary for zebrafish optic nerve regeneration (Veldman et al., 2007 (Veldman et al., , 2010 , and here we report that these genes are regulated in a Jak/Stat-dependent manner. Interestingly, Klf6 and Klf7 gene expression in mammals also stimulates optic axon regeneration, but these genes are suppressed as RGCs mature and other genes, such as Klf4, Socs3, and Pten that inhibit optic nerve regeneration, are expressed (Moore et al., 2009; Smith et al., 2009; Sun et al., 2011) , thus developing RGCs transition from a growthpermissive stage to one that is growth-restrictive, and this is reflected in the underlying genetic programs regulating axonal growth (Chen et al., 1995; Moore et al., 2009; Smith et al., 2009; Sun et al., 2011) . This has led to the idea that optic nerve regeneration will require the activation of growth-promoting and the suppression of growth-inhibiting gene expression programs in adult RGCs, and recent studies support this contention de Lima et al., 2012) . However, our studies in zebrafish indicate that, even in the face of a highly induced growth inhibitory gene expression program, regeneration can ensue. Although the details of how this occurs remain incompletely understood, robust activation of Jak/Stat signaling by multiple cytokines appears to play an important role.
We used p-Stat3 immunofluorescence to report Jak/Stat signaling in the injured retina. We think this immunofluorescence accurately reflects Jak/Stat signaling because knockdown of regulators of Jak/Stat signaling, such as Socs3 and Gp130, predictably affected p-Stat3 expression. We were surprised to find relatively low levels of p-Stat3 accumulation in RGC nuclei compared with the RGC cytoplasm. Although this low-level nuclear accumulation may be sufficient for gene activation, the cytoplas- mic accumulation is intriguing. Cytoplasmic Stat3 has been reported to inhibit autophagy in mammalian cells (Shen et al., 2012) , and enhanced autophagy may underlie RGC death after optic nerve injury (Russo et al., 2013) . However, we were unable to detect increased RGC death after Gp130 knockdown, which reduced p-Stat3 expression. Thus, the functional significance of cytoplasmic p-Stat3 remains unknown.
We were quite surprised to find that Jak/Stat signaling not only stimulated optic nerve regeneration in fish but that it also stimulated the expression of decelerators of regeneration, such as Socs3a and Sfpq. We anticipated that in an animal, such as zebrafish, where regeneration was robust, these regenerative decelerators would be repressed. Sfpq is a multifunctional protein whose activity contributes to a diverse array of processes, such as RNA splicing, DNA synthesis, gene expression, DNA repair, and cell survival (Shav-Tal and Zipori, 2002) . Sfpq is enriched in paraspeckles, which are RNA-protein structures found in the interchromatin space in the nucleus and may contribute to the regulation of gene expression (Fox and Lamond, 2010) . During zebrafish development, Sfpq is necessary for neuronal survival and differentiation (Lowery et al., 2007) . Our results suggest that, in the adult zebrafish retina, Sfpq inhibits optic nerve regeneration. This is a new function for Sfpq and was reminiscent of that reported for Socs3 deletion in mice (Smith et al., 2009 ). We also found Sfpq mRNA expressed in the mouse retina and suspect that it may collaborate with Socs3 in inhibiting optic nerve regeneration in mammals. Interestingly, we found that Socs3a and Sfpq regulate each other's expression, which may explain their shared ability to inhibit optic nerve regeneration in fish. Although these proteins regulate each other's expression, the mechanism underlying this effect remains unknown. There are no reports of Socs3 and Sfpq direct interactions or effects on each other's genes. However, both Sfpq and Socs3 have been reported to interact with the paraspeckle protein, NonO, which can regulate RNA expression (Song et al., 2008; Fox and Lamond, 2010) . Furthermore, Sfpq has been shown to stimulate Jak/Stat signaling in Drosophila (Müller et al., 2005) , suggesting a mechanism of action in zebrafish.
The finding that zebrafish induce the expression of inhibitors of optic nerve regeneration, like Sfpq and Socs3a, is intriguing and may reflect a mechanism by which Jak/Stat signaling is attenuated during optic nerve regeneration. Even though we could not detect p-Stat before 3 dpi, we suspect that Jak/Stat signaling is activated at a low level because inhibitors of this pathway suppressed injury-dependent induction of sfpq and socs3a at 1 dpi. This attenuated Jak/Stat signaling at early times after injury appears to be controlled by Sfpq/Soc3a signaling and may restrict gene activation programs to those that are most sensitive to this signaling pathway and needed at the earliest stages of RGC reprogramming. At later times when Jak/Stat signaling overcomes Sfpq/Socs3a attenuation, additional gene expression programs may be activated that impact later events. This timing may be ideal for matching gene expression with the changing cellular demands and environmental cues that occur over the time course of regeneration. Although we found an increased rate of optic nerve regeneration when this inhibitory system was knocked down, we do not know whether this was accompanied by an increase in errors of pathfinding or retinal-tectal mapping, which the visually mediated behaviors assayed in this study may accommodate.
In conclusion, the work reported here reveals a remarkable similarity in the signaling mechanisms underlying optic nerve regeneration in fish and mammals and suggests that zebrafish are a suitable model for uncovering mechanisms for enhancing regeneration in mammals. Our studies suggest that robust activation of Jak/Stat signaling is necessary for optic nerve regeneration. We have identified IL-11 and Clcf1/Crlf1a cytokines that regulate optic nerve regeneration in fish and may also enhance optic nerve regeneration in mammals. Furthermore, we discovered a new inhibitor of optic nerve regeneration, Sfpq, whose neutralization in mammals may facilitate regeneration.
